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A metabonomic study of biochemical changes
characteristic of genetically hypertensive rats
based on 1H NMR spectroscopic urinalysis

Kazuki Akira1, Shigenori Masu2, Misako Imachi3, Hidemichi Mitome1 and Takao Hashimoto4

Spontaneously hypertensive rats (SHR) provide a simple model for studying essential hypertension. Their genetic and metabolic

features are of great interest because they may provide insights into the pathophysiological processes underlying essential

hypertension. We have thus investigated the metabolic characteristics of SHR at various ages, covering the prehypertensive stage

and the developmental phase of hypertension, using a 1H nuclear magnetic resonance (NMR)-based metabonomic approach.

Twenty-four-hour urine samples from the SHR and their age-matched normotensive control, Wistar–Kyoto rats, were analyzed

using 1H NMR spectroscopy, and the spectral data were subjected to principal components analysis (PCA) to find metabolic

differences between the two strains. Consequently, it was possible to separate the urine samples between the two strains at any

age ranging from 4 to 20 weeks in the principal component scores plots. The major spectral regions and signals (metabolites)

contributing to the separation were picked up based on the loadings. Subsequently, the urinary excreted levels of metabolites

highlighted by the PCA were compared based on the signal intensities corrected by urine volume and body weight. These

investigations revealed the major metabolic changes characteristic of the SHR, which included differences in citrate,

a-ketoglutarate, succinate, hippurate, phenylacetylglycine, p-cresol glucuronide, creatine, taurine, medium-chain dicarboxylates

(tentative), unknown (d 3.11), and the regions at 3.60, 3.64, 3.68 and 3.88 p.p.m. The results supported the occurrence of

metabolic acidosis in the SHR in the period of prehypertension as well as rapidly rising blood pressure. In addition, the

intestinal microfloral populations in the SHR were suggested to be altered in the developmental phase of hypertension.
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INTRODUCTION

Hypertension is a leading cause of cardiovascular morbidity and
mortality. In the majority of cases, the mechanism of hypertension
remains unknown because of its complex nature as a polygenic,
heterogeneous and multifactorial disorder, and the disorder is classi-
fied as essential hypertension.1,2 Genetically hypertensive rat models
provide a simple and useful model for studying this complex disease.3

Spontaneously hypertensive rats (SHR) are the most widely studied
animal model of hypertension because some of the pathophysiological
processes are similar to those of human essential hypertension. The
SHR were established by inbreeding Wistar–Kyoto rats (WKY) with
the highest blood pressure,4 and thus the two strains have a similar
genetic background, except for the hypertension-related factors. The
differences in the genetic and metabolic features between the SHR and
their control normotensive WKYare expected to provide insights into
blood pressure regulation in essential hypertension,5 leading to the
discovery of biomarkers for the prediction and diagnosis of the
disease. In addition, such animal studies are expected to facilitate

the observation of hypertension-related metabolic features because the
interindividual variation of genetic and metabolic factors is smaller in
each strain than in humans,6 and the experiments can be carried out
under the same environmental and feeding conditions.
We have thus undertaken a series of metabonomic studies using

these genetically hypertensive models. In a previous paper,7 we applied
1H nuclear magnetic resonance (NMR)-based metabonomic techni-
ques to detect the metabolic differences between young SHR and the
age-matched WKY. The previous study showed that several metabo-
lites, such as citrate, a-ketoglutarate, hippurate and creatine, were
largely responsible for the separation between the two strains, illus-
trating the potential of such metabonomic approach in the area of
hypertension research. Although the approach was promising, the
study was limited to rats at 8 weeks of age. The blood pressures of the
SHR and WKY rise with growth, and those of the SHR become
significantly higher than those of the WKY after 5 or 6 weeks
of age and steadily increase to reach systolic blood pressures of
200–250mmHg.8,9 Thus, it is of great interest to investigate the
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metabolic changes characteristic of the SHR at various ages, covering
the prehypertensive stage and the developmental phase of hyperten-
sion. The hypertension- and age-related metabolic variations in
plasma from the SHR and WKY have been already reported by
Lu et al.10 using metabonomics based on gas chromatography–
mass spectrometry. However, they did not report any data on the
developmental phase of hypertension in the SHR before 10 weeks of
age. In this paper, we have characterized the urinary metabolite
profiles of the SHR at ages ranging from 4 to 20 weeks using
1H NMR-based metabonomics and compared them with those of
age-matched WKY.

MATERIALS AND METHODS

Animals and sample collection
Six male SHR/Izm and WKY/Izm, aged 3 weeks, were obtained from the

Disease Model Cooperative Research Association (Kyoto, Japan). Animal

studies were conducted under approved guidelines and were reviewed by an

institutional animal use committee. The animals were housed at 22 1C with a

12-hour light (0700–1900 hours) and 12-hour dark (1900–0700 hours) cycle

and had free access to standard chow (CE-2, Clea Japan, Tokyo, Japan) and tap

water. Rats were individually placed in metabolism cages to collect urine for

24 h at 4, 5, 6, 8, 10, 14 and 20 weeks of age. The volume of urine, including a

small amount of washing water for the metabolism cages, was in the range of

between 2 and 19ml depending on age and strain. Blood pressure was

measured using a tail-cuff method immediately before urine collection. Other

procedures concerning animal experiments and urine sample collection were

the same as in the previous paper.7

1H NMR spectroscopy
Sample preparation and NMR conditions were the same as in the previous

paper.7 In brief, a mixture of urine sample (350ml), phosphate-buffered

solution (pH 7.4, 350ml) and deuterium oxide (100ml) containing sodium

3-trimethylsilyl[2,2,3,3-2H4]propionate in a 5-mm o.d. NMR tube was analyzed

on a Bruker DPX400 NMR spectrometer (Bruker BioSpin, Tsukuba, Japan) at a

probe temperature of 300K, with the water resonance suppressed using a

NOESYPRESAT pulse sequence.11 Assignments of resonances were made on

the basis of literature assignments12,13 and standard additions. The urinary

excreted amounts of metabolites were compared based on the relative peak

heights of metabolites to sodium 3-trimethylsilyl[2,2,3,3-2H4]propionate,

which were corrected by being multiplied by 24-h urine volume (ml) and

divided by body weight (kg).

Data reduction of NMR data and principal component analysis
All NMR spectra were phased and baseline corrected. Data reduction of NMR

data and principal components analysis (PCA) were performed using AMIX

software (version 3.6.8; Bruker BioSpin). The NMR spectra (d 0.5–9.5) were

automatically reduced to 225 segmented regions of equal width (0.04 p.p.m.).

The region between d 4.3 and d 6.5 was removed before PCA to eliminate the

effects of the variation in the suppression of the water resonance and in the urea

signal caused by partial 1H exchange by deuterium oxide. Following the

removal of the region, the integral intensities of the segmented regions in a

spectrum were divided by that of creatinine (d 4.047–4.067). This procedure

normalized each spectral data set to compensate for variations in urine

volumes. The normalized data sets from the spectra (170 variables) were then

subjected to PCA after mean-centering. Scores plots of the principal compo-

nents (PCs) were constructed to visualize the separation of the urine samples

between the groups. The loadings of individual variables (segmented regions)

were obtained, and the regions and peaks (metabolites) contributed to the

separation between the groups were identified based on the loadings for the

PCs, which represented the separation. The loadings indicate the importance of

the regions for the separation and the metabolic differences between the

groups.

Statistical significance testing
Data are expressed as the mean±s.d. Statistical analysis was done using an

unpaired t-test. A P-value of o0.05 was considered statistically significant.

RESULTS

The body weights and blood pressures of the rats are summarized in
Table 1. The body weights of the SHR after 10 weeks of age were
significantly lower than those of the age-matched WKY. The systolic
and diastolic blood pressures of the SHR after 5 weeks of age were
significantly higher than those of the age-matched WKY. Urine
samples were obtained from the SHR and WKY at various ages up
to 20 weeks of age, followed by 1H NMR urinalysis. The SHR excreted
less urine than the WKY, and the propensity was prominent in the
aged rats. Typical spectra of rat urine at 5 weeks of age are illustrated
in Figure 1. Although variations in citrate signal intensities were
obvious between the two strains at various ages, further visual
comparison was difficult. Thus, to fully characterize the metabolic
differences among the data sets, an unsupervised chemometric
method, PCA, was employed.

PC scores plots and loadings
PCA was separately performed for each age to compare the urinary
metabolic profiles between the SHR and WKY. The PC1 vs. PC2 scores
plots showed a clear separation of urine samples between the two
strains at any age, as shown in Figure 2. These results indicate that
there were metabolic changes between the two strains over the period
examined. The most obvious separation was seen at 8 weeks of age,
showing the largest strain-related metabolic difference among various
ages. The samples from the hypertensive and normotensive strains at
4, 5, 8 and 10 weeks of age were separated along the first PC in the
scores plots, whereas at 6, 14 and 20 weeks of age they were obliquely
separated. In order to determine the spectral regions and metabolites
contributing to the separation on the PCA maps, the PC1 loadings
were examined at 4, 5, 8 and 10 weeks of age. Consequently, most 0.04
p.p.m. regions showed positive PC1 loadings at the four separate age
groups, whereas the samples from the SHR had lower PC1 scores, as
shown in Figure 2. These results showed that the integral intensities of
most regions were smaller in the SHR than in the WKY, and most

Table 1 Characteristics of the SHR and WKYa

BP (mmHg)

Age (weeks) Strain Body weight (g) SBP DBP

4 SHR 62±2 88±32 63±20

WKY 64±5 80±12 57±7

5 SHR 98±5 131±8* 96±8*

WKY 96±8 115±4 85±6

6 SHR 133±6 148±7* 106±7*

WKY 129±12 113±8 78±5

8 SHR 205±8 157±10* 113±11*

WKY 207±14 122±5 78±6

10 SHR 246±11* 182±8* 128±8*

WKY 272±16 130±6 87±10

14 SHR 301±18* 205±8* 153±9*

WKY 348±17 134±5 103±7

20 SHR 335±13* 207±18* 155±10*

WKY 390±14 139±8 104±8

Abbreviations: BP, blood pressure; DBP, diastolic BP; SBP, systolic BP; SHR, spontaneously
hypertensive rats; WKY, Wistar–Kyoto rats.
aValues are mean±s.d.
*Po0.05 vs. WKY.
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Figure 1 Typical 1H nuclear magnetic resonance spectra obtained from urine samples of rats aged 5 weeks. The upper and lower spectra were obtained from

the spontaneously hypertensive rats and Wistar–Kyoto rats, respectively. The spectra have been scaled so that the intensity of the methylene peak (peak
number 3) due to creatinine is the same. Key to numbered peaks: 1, hippurate; 2, phenylacetylglycine; 3, creatinine; 4, creatine; 5, guanidinoacetate; 6,

glycine; 7, taurine; 8, trimethylamine N-oxide; 9, unknown; 10, a-ketoglutarate; 11, dimethylamine; 12, citrate; 13, succinate; 14, medium-chain

dicarboxylates (tentative); 15, N-acetyls of glycoproteins; 16, acetate; and 17, p-cresol glucuronide. Urinary excreted amounts of metabolites were evaluated

using the peaks indicated by the arrows.
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Figure 2 Principal component 1 (PC1)–PC2 scores plots derived from the 1H nuclear magnetic resonance spectra of urine samples of the spontaneously
hypertensive rats (SHR) and Wistar–Kyoto rats (WKY). Key: filled lozenge, SHR; filled circle, WKY. The two PCs captured 77–90% of the variation (50–80%

for PC1). One spectrum from the 6-week-old WKY was eliminated from the calculation because no satisfactory phase correction was obtained for the

spectrum probably owing to a slight deviation of the irradiation frequency for water suppression. One of the WKY is missing from the experiments of the

20-week-old rats due to death.
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urinary metabolites in the former were excreted in 24h less than in the
latter, based on the urinary levels of creatinine. In this case, the larger
positive PC1 loadings mean more significant decreases in the excretion
of the metabolites of the regions in the SHR. The major spectral
regions contributing to the separation between the SHR and WKY
are summarized in Table 2, with the assignment of the pronounced
signals contained in those regions.

Common metabolic changes in various ages
By inspection of the PC loadings together with the 1H NMR spectra of
the urine samples, the most distinctive metabolic changes in the SHR,
which were common thorough the period examined, were decreases in
urinary levels of citrate, a-ketoglutarate, hippurate and the integral
intensities of the regions at 2.20, 2.24, 2.40 and 3.12 p.p.m. The region
at 2.20 p.p.m. was considered to contain signals due to methylene

Table 2 Summary of major metabolic differences between the SHR and WKY observed in the PCA of 1H NMR spectral dataa

Integrated
Increase or decrease in the SHRb

Spectral regionc Week 4 Week 5 Week 8 Week 10 Major metabolite(s) present in selected region (d, multiplicity)

7.84 k k kk kk Hippurate (7.84, d)

7.64 k kk Hippurate (7.65, t)

7.56 k k kk kk Hippurate (7.56, t)

7.52 k Hippurate (7.56, t)

7.36d k m �0.030 �0.036 Phenylacetylglycine (7.35–7.38, m)

4.00 k k Hippurate (3.97, d)

3.96 k k kk kk Hippurate (3.97, d)

3.88d k �0.012 k k e

3.80 k kk k Guanidinoacetate (3.80, s)

3.76d k mm �0.019 �0.038 Phenylacetylglycine (3.76, d)

3.72 k k e

3.68d kk �0.036 0.044 0.013 Phenylacetylglycine (3.68, s)

3.64d k �0.040 0.049 0.014 e

3.60d �0.013 k k e

3.56 k k Glycine (3.57, s)

3.44d kk kk �0.020 Taurine (3.43, t)

3.32 k k e

3.28 kk kk k TMAO(3.27, s), taurine (3.27, t)

3.24 k e

3.16 k e

3.12 k k k kk e

3.00 kk kk kk kk a-Ketoglutarate (3.01, t)

2.72 kk kk kk kk Citrate (2.69, d), DMA (2.72, s)

2.68 kk kk kk kk Citrate (2.69, d)

2.60 k k kk kk Citrate (2.55, d)

2.56, 2.52 kk kk kk kk Citrate (2.55, d)

2.48 k k kk kk a-Ketoglutarate (2.45, t)

2.44 kk kk kk kk a-Ketoglutarate (2.45, t)

2.40 k k k k Succinate (2.41, s)

2.32d k �0.009 0.032 �0.005 p-Cresol glucuronide

2.24 k k k k e

2.20 kk kk k k MCDAs

2.16 k k k MCDAs

2.04 k k N-acetyls of glycoproteins

(2.03–2.07)

2.00 k k e

1.92 kk k Acetate (1.92, s)

1.60 k e

1.56 kk kk k 0.047 MCDAs

1.52 k k MCDAs

1.36 k e

1.32 k kk 0.042 0.028 MCDAs

1.28 k k MCDAs

Abbreviations: DMA, dimethylamine; MCDAs, medium-chain dicarboxylates (tentatively identified); NMR, nuclear magnetic resonance; PC, principal components; PCA, principal components
analysis; SHR, spontaneously hypertensive rats; TMAO, trimethylamine N-oxide; WKY, Wistar–Kyoto rats.
aUrine samples from the SHR and WKY were analyzed by 1H NMR spectroscopy, followed by PCA. This table shows the major metabolic differences between the two strains.
bThe upward and downward arrows represent the increases and decreases in the integral intensities of the regions, respectively. PC1 loadings: m, 4�0.1 and ¼o�0.05; mm, ¼o�0.1; k,
¼40.05 and o0.1; and kk,¼40.1. The loadings between �0.05 and 0.05 are, if necessary, indicated.
cThe buckets contributing to the discrimination between the strains on the PCA maps were selected based on their PC1 loadings. The middle d-value of each region was indicated.
dRegions with large age-related changes in loadings.
eUnidentified.
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protons of medium-chain dicarboxylates such as suberate,14 and the
intensity of the region varied with those of the regions at 1.56 and
1.32 p.p.m., which contained multiplet signals due to other methylene
protons of the medium-chain dicarboxylates. The region at 2.40 p.p.m.
contained a singlet signal due to succinate at d 2.41. The region at
3.12 p.p.m. contained a singlet signal at d 3.11 due to an unknown
metabolite. The change of the region at 3.28 p.p.m. was also promi-
nent at 4, 8 and 10 weeks of age. TrimethylamineN-oxide was detected
as a major singlet signal at d 3.27, and frequently broadened owing to
overlap with signals due to taurine and betaine.15,16 The extent of
overlap of taurine to this signal could be estimated from another
signal of taurine at d 3.43. Although the presence of betaine, which
gives another singlet signal at d 3.90, was ambiguous, trimethylamine
N-oxide was thought to be excreted more in younger rats than in older
rats,17 and less in the SHR than in the WKY after 8 weeks of age,
based on the creatinine signal intensity.

Age-related metabolic changes characteristic of the SHR
The age-related metabolic changes characteristic of the SHR are also of
interest. Thus, the variables whose loadings largely changed with age
should be noted in the above PCA for each age. Such variables were
the regions at 2.32, 3.44, 3.60, 3.64, 3.68, 3.76, 3.88 and 7.36p.p.m. in
Table 2. The loadings showed that the metabolites in the spectral
regions at 2.32, 3.60, 3.64, 3.68 and 3.88 p.p.m. were less excreted in
the SHR than in the WKYat 4 weeks of age, whereas at 5 weeks of age
they were more excreted in the SHR, and then the relationship
returned to the original state at 8 weeks of age. The region at
2.32 p.p.m. partially included a singlet signal due to the methyl
group of p-cresol glucuronide18,19 at d 2.30. The major metabolites
contributing to the regions at 3.60, 3.64, 3.68 and 3.88 p.p.m.
were unknown. The region at 3.68 p.p.m. also reflected the
level of phenylacetylglycine. The loading showed that the
metabolites in the region at 3.44 p.p.m. were excreted in lesser
quantities in the SHR at 5 and 8 weeks of age, and in greater
quantities in the SHR at 10 weeks of age. These changes in the region
at 3.44 p.p.m. were obviously due to taurine, as it appeared as a major
signal in the region after 5 weeks of age. Interestingly, appreciable
signals due to taurine were unobserved at 4 weeks of age. The loadings
for the regions at 3.76 and 7.36p.p.m. showed pronounced changes
from 4 to 5 weeks of age. These regions contained prominent
resonances due to phenylacetylglycine. In the spectra of 14- and
20-week-old WKY, the signals due to succinyltaurine, recently
identified by us,20 were clearly detected at around d 2.5, 3.1 and
3.6. It was demonstrated here again that this metabolite was not
observed in urine from the SHR and was characteristic of the
aged WKY.

Metabolic changes based on peak intensities
In order to make the metabolic changes picked up by the PCA clearer,
the excreted levels of metabolites were compared between the SHR
and WKY on the basis of the peak intensities corrected, as shown in
the method section. Consequently, the following results were obtained
as illustrated in Figure 3.
Decreases in citrate, a-ketoglutarate and hippurate in the SHR at 4,

5, 8 and 10 weeks of age, which were the observations in Table 2, were
confirmed, except the hippurate level at 4 weeks of age. The propensity
of decrease in the citrate and a-ketoglutarate levels was also seen in the
SHR at 14 and 20 weeks of age. On the contrary, at 6 weeks of age,
no significant difference was seen between the strains in the excretion
of citrate, a-ketoglutarate and hippurate. Another tricarboxylic acid
cycle (TCA) cycle intermediate, succinate, was found to be less

excreted in the SHR than in the WKY at 8 and 10 weeks of age. The
excreted amount of creatinine was also compared, which was impos-
sible in the PCA based on creatinine normalization. The excreted level
of creatinine was 1.3 times more in the SHR than in the WKY at
4 weeks of age, whereas at other ages no significant difference
in creatinine output was seen between the two strains.
Thus, in the present PCA analysis, based on creatinine intensity, the
excretion of all metabolites in the SHR at 4 weeks of age was,
as a whole, found to be underestimated. Thus, the results at 4 weeks
of age in Table 2 are partially misleading. This underestimation is the
reason for the above contradiction of the hippurate level at 4 weeks
of age.
The SHR had a propensity to excrete less taurine than the WKY

from ages 5 to 8 weeks, and the decrease was significant at 6 and 8
weeks of age. In contrast, no significant change was observed at 14
weeks of age, and at 20 weeks of age the metabolite was excreted more
in the SHR. In the previous metabonomic study,21 stroke-prone
spontaneously hypertensive rats with relatively old ages, that is, 12
and 26 weeks of age, were shown to excrete more taurine than the
age-matched WKY, although no examination was performed on the
younger rats. The stroke-prone spontaneously hypertensive rats are a
substrain derived from the SHR, and often used as another hyperten-
sive model because of more severe hypertension. Although the age of
hypertaurinuria was different between the two hypertensive models,
there might be the common propensity to excrete more taurine in
older hypertensive rats. The excreted level of the unknown metabolite
at d 3.11 was found to be significantly decreased in the SHR than in
the WKY at ages 5–14 weeks. Phenylacetylglycine was found to be
more excreted in the SHR at 5 weeks of age, whereas at 6 weeks of age
the metabolite was less excreted in the SHR, and the differences were
significant. These results of taurine, phenylacetylglycine and unknown
in the developmental phase of hypertension, except for 4 weeks of age,
were consistent with those in Table 2. p-Cresol glucuronide had an
exceptional propensity to be excreted more in the SHR than in the
WKY at ages other than 6 weeks, and the increased excretions at 5
and 14 weeks of age were statistically significant. In addition, the
output of creatine, which was not noted in Table 2, was found to be
prominent in younger rats, with a large interindividual variation,
and the increased excretion in the SHR at 4 weeks of age was
significant. Although the output of creatine decreased after 8 weeks
of age, and appreciable signals, due to creatine, were frequently
unobserved particularly in the WKY, the SHR still had a propensity
to excrete the metabolite more than the WKY. At 8 weeks of
age, appreciable signals due to creatine were observed in two of
the six SHR, whereas in the WKY no appreciable signals were
detected. Similar results were also obtained in a previous study
of 8-week-old rats.7

The relations of the urinary outputs of the above metabolites were
examined to understand more about the observed metabolic changes.
Consequently, high correlation coefficients were observed among
the three TCA cycle intermediates and between phenylacetylglycine
and p-cresol glucuronide (see below). In particular, there was a very
high correlation between citrate and a-ketoglutarate, as shown in
Figure 4.
The data in Figure 3 also show the age-related metabolic changes of

various metabolite levels, although the aging effects themselves are not
the subject of this study. A general decrease in the excreted levels of the
metabolites, other than taurine and creatinine, was observed after 5 or
6 weeks of age in both strains. In contrast, increases with aging were
observed in creatinine for both strains, and in taurine for the
SHR only.17,22
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DISCUSSION

Before PCA of NMR spectral data, an adequate normalization for the
data is indispensable to remove or minimize the effects of variable
dilution of the urine samples.23 Total integral normalization is gen-
erally used for NMR-based metabonomics, assuming that the total
amounts of metabolites in urine samples and the total integral
intensities of 1H NMR signals are almost constant, irrespective of
gene function as well as pathophysiological and toxicological events.
However, these assumptions are not always the case in practice, for
example, when renal handling of metabolites significantly changes and
some spectral regions containing major metabolite signals are
removed before PCA. The choice of normalization method is parti-
cularly important when an increase or decrease in urinary output of
metabolites is being discussed. In our study, creatinine normalization

was used because creatinine is generally accepted as a marker of urine
dilution. The creatinine normalization was adequate for the ages from
5 to 20 weeks because there was no significant difference in the urinary
excreted amount of creatinine between the SHR and WKY.
In this study, the spectral regions and peaks (metabolites) con-

tributing to the separation between the SHR and WKY were picked up
by PCA and subsequently the excreted amounts of selected metabolites
were quantitatively compared based on the peak intensities. In the
previous paper,7 a metabonomic study of urine samples from 8-week-
old SHR and WKY was performed. The metabolic changes observed
for the 8-week-old rats in the present study were substantially
consistent with those in the previous one.
The most significant metabolites distinguishing between the strains

were citrate and a-ketoglutarate in younger rats, except at 6 weeks of
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Figure 3 Comparison of urinary excreted amounts of metabolites noted in the principal components analysis between the spontaneously hypertensive rats
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age. Citrate is one of the TCA cycle intermediates and has a central
role in energy metabolism. The metabolite has been previously
reported to be excreted in urine much in smaller amounts in the
SHR aged 11–15 weeks than in the age-matched WKY.24 The
decreased excretion of citrate was also reported in the SHR at 8
weeks of age in our previous work.7 Recent reports have shown that
urinary citrate excretion decreases in hypertensive patients.25,26 The
decreased citrate excretion has been explained to be due to increased
proximal tubular citrate reabsorption resulting from metabolic acido-
sis.27 Indeed, the SHR at 6–12 weeks of age are mildly acidotic.28

Sharma et al.29 have reported the presence of mild metabolic acidosis
in young normotensive salt-sensitive human. The mechanisms of the
increased citrate reabsorption associated with chronic metabolic
acidosis in rats have been investigated in many papers. One mechan-
ism is the increase in transported bivalent citrate anion by reduced pH
in tubular lumen.30 The bivalent citrate anion is incorporated into
tubular cells through an apical membrane Na/dicarboxylate co-trans-
porter,31 which also accepts other TCA cycle intermediates. The other
mechanism is an intracellular decrease in citrate levels. Such a decrease
is caused by the enhanced activity of ATP citrate lyase in the cytosol,
which catalyzes the conversion of citrate and coenzyme A to oxaloa-
cetate and acetyl coenzyme A.27 Decreased activity of citrate synthetase
in the mitochondrial TCA cycle is another reason for the decreased
intracellular citrate levels.32 In addition, the increased activity of
aconitate hydratase, the first step in mitochondrial citrate metabolism,
has been reported to contribute to the intracellular decrease in citrate
levels.33

The observed hypocitraturia in the SHR at 4 and 5 weeks of age
implies the occurrence of metabolic acidosis before the development
of hypertension, suggesting that the acidosis is not the result of
elevated blood pressure.28 Additional research is required to elucidate
the relationship between hypertension and the deranged kidney
metabolism as well as the metabolic acidosis,25 as there is a hypothesis
that the kidney has a major role in the development of hypertension.34

It is noteworthy that no significant differences in the urinary levels of

citrate and a-ketoglutarate were observed between the two strains at 6
weeks of age, whereas before and after the age the differences were
significant. It seems that the metabolic changes from 5 to 6 weeks of
age were different between the two strains; in the SHR these metabo-
lite levels were almost constant in both ages, whereas in the WKY they
were considerably decreased. The significance of these differences in
metabolic changes, with the underlying gene and protein expressions,
is the subject of further investigation.
The observed decrease in the urinary output of another TCA cycle

intermediate, a-ketoglutarate, is considered to be also due to the
enhanced tubular reabsorption resulting from the cellular depletion of
the metabolite, whose formation is presumed to be reduced by the
depletion of the precursor, citrate. As can be seen in Figure 3, citrate
and a-ketoglutarate closely resembled each other in their bar graph
patterns for both strains. The urinary levels of the two metabolites
showed a very high correlation, as shown in Figure 4. This observation
seems to reflect the correlation between the depleted levels of citrate
and a-ketoglutarate in renal cells, and supports the above presump-
tion that cellular citrate depletion causes a decrease in cellular
a-ketoglutarate level. There were also high correlations between citrate
and succinate (r¼0.720), and a-ketoglutarate and succinate
(r¼0.627). Therefore, the decreased excretion of succinate at 8 and
10 weeks of age in the SHR may be due to the cellular depletion of
citrate and a-ketoglutarate, which are the precursors for succinate.
Nissim et al.32 have reported a significantly higher flux through
a-ketoglutarate, succinate, malate and glutamate dehydrogenase, and
through glutaminase in acidotic rats. The increased activities of the
TCA cycle enzymes decrease the a-ketoglutarate levels, whereas the
depleted a-ketoglutarate pool is preserved by the increased activities of
glutaminase and glutamate dehydrogenase, which catalyze the forma-
tion of a-ketoglutarate from glutamine. Thus, the effects of these
enzymatic alterations on the cellular levels of a-ketoglutarate and
succinate are unclear.
The difference in hippurate excretion between the two strains was

remarkable at ages from 5 to 14 weeks, except for 6 weeks. This
metabolite is readily formed in the body from benzoate, which
originates from the action of intestinal microflora on dietary aromatic
compounds.35 Therefore, the present results probably reflect the
differences in the intestinal microfloral populations and their meta-
bolisms. Holmes et al.36 have studied the association of metabolic
profiles with diet and blood pressure in humans, and reported an
inverse association of urinary hippurate levels with blood pressure.
This observation is consistent with the present results where the
hypertensive strain excreted less hippurate than the normotensive
strain. It should be noted that in our study no decrease in urinary
excretion of the metabolite was observed at the prehypertensive phase,
namely, 4 weeks of age. The above study in humans indicated the
possible association of diet to the altered intestinal microflora. On the
contrary, the present study suggests that some genetic and metabolic
factors characteristic of the SHR were the cause of the altered
microflora because the host and intestinal microbes interact through
the exchange and co-metabolism of substrates,37 and diet was com-
mon for the two strains. Hypertension may be associated with some
genetic and metabolic factors, regulating the formation of the intest-
inal microflora that produces less benzoate.
Phenylacetylglycine and p-cresol glucuronide are generated from

phenylacetate and p-cresol, respectively, via phase II detoxification
mechanism in the liver or the gut mucosa. Phenylacetate and p-cresol
are also reported to originate from intestinal microfloral metabo-
lism.18,35 The metabolic changes of the two conjugates between the
SHR and WKY, observed at 5 and 6 weeks of age, were somewhat
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strange. Interestingly, the bar graph patterns of these metabolites
resembled each other at the two ages. High correlation coefficients
were obtained between phenylacetylglycine and p-cresol glucuronide
levels (r¼0.849 for all ages, r¼0.842 for 5 and 6 weeks of age). On the
contrary, there were no correlations between hippurate and these
metabolites. Therefore, it seems likely that phenylacetate and p-cresol
are formed by the same intestinal microbes,18 which are different from
the microbes responsible for the formation of benzoate, a precursor of
hippurate. Thus, this observation indicates that the activities of
microbes responsible for the formation of phenylacetate and p-cresol
are different between the SHR and WKY during the limited period.
In the previous paper,7 the metabolites in the 7.36 p.p.m. region,

which substantially corresponded to phenylacetylglycine, were less
excreted in the SHR at 8 weeks of age, whereas in the present study
the metabolite was shown to be more excreted in the SHR as shown in
Table 2, although the increase was not significant (Figure 3). The
intestinal microflora is affected by breeding conditions, including diet,
after birth. The ages, when the rats were carried in the breeding
facilities of the university, were 3 and 7 weeks after birth in the present
and previous studies, respectively. Thus, it is possible that the micro-
flora responsible for the production of phenylacetate was differently
formed during the breeding before 8 weeks of age in the present study.
Taurine is the most abundant free amino acid having beneficial

effects in mammalian tissues. Taurine is a remarkable metabolite
concerning hypertension because the metabolite attenuates elevations
in the blood pressure of hypertensive patients as well as SHR, although
the exact mechanisms are not totally understood.38 To the best of our
knowledge, there has been no report comparing the urinary level of
taurine between the SHR and WKY, except for our previous one.7 The
excretion of taurine was less in the SHR in the developmental phase of
hypertension, and thus the observed changes most likely participate in
the onset and development of hypertension in the SHR. It is uncertain
whether the hypotaurinuria in the SHR results from the decreased
production or the enhanced tubular reabsorption.
Creatinine is an indicator of glomerular filtration rates, and

exclusively formed from creatine in the body. Both creatinine and
creatine were excreted more in the SHR at 4 weeks of age than in the
age-matched WKY. It has been reported that there is no difference in
glomerular filtration rates between the SHR and WKY at ages from 2
to 10 weeks.39 Thus, it seems reasonable to assume that the increase in
creatinine excretion is due to the increase in creatine levels in the body.
In fact, there was a moderate correlation (r¼0.550) between the
urinary levels of the two metabolites in the 4-week-old rats. The
possible reasons for the increased creatine are the enhancement of
creatine formation in the liver or the injured skeletal muscle.
The above metabolic changes and the underlying pathophysiologi-

cal mechanisms in the SHR after the onset of hypertension may be, at
least partially, attributable to the elevation of blood pressures rather
than the genetic factors. This is a significant point because the changes
caused by hypertension are associated with the hypertension-related
complications. This issue can be investigated by lowering the blood
pressures using antihypertensive drugs, although such drugs may have
direct effects on the metabolism irrespective of the hypotensive
activity. Such mechanistic investigations would be addressed in the
subsequent studies.
The present NMR-based metabonomic study revealed metabolic

changes characteristic of genetically hypertensive rats at various ages,
covering the prehypertensive period and the period of rapidly rising
blood pressure and of sustained hypertension. From the PCA and the
quantitative evaluation based on peak heights, the highlighted meta-
bolites and regions were citrate, a-ketoglutarate, succinate, hippurate,

phenylacetylglycine, p-cresol glucuronide, creatine, taurine, medium-
chain dicarboxylates (tentative), unknown (d 3.11) and the regions
at 3.60, 3.64, 3.68, and 3.88 p.p.m. The decrease in TCA cycle
intermediates, particularly citrate, supported the occurrence of meta-
bolic acidosis in the SHR in the prehypertensive stage as well as in the
developing phase of hypertension, which may result from an impair-
ment of the renal energy metabolism. The changes in hippurate,
p-cresol glucuronide and phenylacetylglycine suggested altered intest-
inal microflora in the SHR, which were not due to diet but to the
genetic and metabolic factors characteristic of the hypertensive strain.
Further studies are required to elucidate the pathophysiological
significance of other metabolic changes observed in the onset and
development of hypertension in the SHR. This study demonstrated
that 1H-NMR-based urinary metabonomics of the SHR is a
useful approach to provide new metabolic information related to
hypertension.
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